T he migration of vascular SMCs is a crucial event in the formation of intimal thickening in injured vessels, healing grafts and atherosclerotic lesions.
1,2 SMC migration is regulated in part by PDGF. Three isoforms of PDGF (PDGF-AA, -AB, and -BB) and 2 PDGF-Rs (PDGF-R␣ and -R␤) have been identified. Numerous observations suggest that signal transduction by PDGF requires receptor dimerization. Because of the ligand-binding specificity of the 2 receptors, PDGF-AA binds only to ␣␣ dimers, PDGF-AB binds to ␣␣ or ␣␤ dimers, and PDGF-BB binds to ␣␣, ␣␤, or ␤␤ dimers. 3 Both mRNA and protein of PDGF-A and -B chains have been detected in a variety of human and animal atherosclerotic tissues. 2, 4 In addition, both PDGF-A and -B chain mRNAs are expressed in human restenotic tissues after angioplasty. 5 Infusion of anti-PDGF-A chain antibody abolishes normal cardiovascular development in murine embryos, 6 and mice carrying a null mutation in the gene encoding the PDGF-B chain have phenotypes that include gross abnormalities of the heart and aorta. 7 These reports suggest that PDGF has an important role in vascular morphogenesis and pathogenesis.
PDGF isoforms differ in their effects on vascular SMC migration. PDGF-AB and -BB enhance rat SMC migration in a modified Boyden chamber assay, whereas PDGF-AA inhibits the migration induced by PDGF-AB and PDGF-BB. 8 Our studies using anti-PDGF-R␣ and anti-PDGF-R␤ antibodies indicate that PDGF-R␣ generates an inhibitory signal for baboon SMC migration, regardless of the ligand. 9 In another study, porcine endothelial cells transfected with native and mutant PDGF-R␣ were used to identify 3 tyrosine residues (tyr 768, 993, and 1018) in the cytoplasmic domain of PDGF-R␣ that are critical for the signaling that results in the inhibition of cell migration. 10 These data provide evidence that PDGF-AA selectively and specifically suppresses PDGF-BB-induced cell migration.
ECM is an important component in the regulation of SMC migration. 11 SMC migration is suppressed when cells adhere tightly to fibronectin but not to type IV collagen. 12 Cellassociated HSPGs mediate and modulate some aspects of the interactions of cells with their ECM. The principal plasma membrane-associated HSPGs, which may function as matrix receptors, 13 are those of the syndecan family of transmem-brane PGs and the glypican-related PGs that are intercalated in the plasma membrane via a phosphatidylinositol anchor.
14 ECM-associated HSPGs, such as perlecan, are present primarily in basement membranes and laminae adjacent to specific cell types, such as SMCs and endothelial cells. 15 Plasma membrane-associated HSPGs interact with heparinbinding ECM proteins via their heparan sulfate chains, and perlecan, in addition to charge interactions of glycosaminoglycan chains, also is integrated within the ECM by the interactions of specific core protein domains. 13, 16 A number of studies regarding the involvement of HSPG in development and pathology suggest a significant role for HSPG in the control of SMC proliferation and migration. 13, 17 It is well documented that the content and composition of HSPGs change during naturally occurring and experimentally induced atherosclerotic lesion formation. 18 -21 Although it is not clear which factors regulate HSPG expression in the pathogenesis of atherosclerosis, certain growth factors, such as PDGF, which is known to be involved in the pathogenesis of this disease, also modulate HSPG metabolism by SMCs. 21, 22 Therefore, we have investigated the possibility that the inhibition of SMC migration by PDGF-AA operates through a mechanism that involves SMC HSPGs. Our results show that PDGF-AA selectively affects the expression of a specific HSPG (syndecan-1) and that HSPGs influence the facility with which SMCs migrate on a fibronectin-rich ECM in a Boyden chamber assay. Thus, we conclude that one signal that regulates SMC migration operates through a mechanism involving cell-associated HSPGs.
Materials and Methods

Materials
Recombinant human PDGF-AA (short variant) and PDGF-BB were kindly supplied by Dr Charles Hart (Zymogenetics Inc, Seattle, Wash). Plasma fibronectin and heparin lyases II and III were purchased from Sigma Chemical Co. Fibronectin fragments, which were affinity-purified from chymotrypsin-digested fibronectin, were from GIBCO BRL. Pepsin-digested type I collagen (Vitrogen) was obtained from Celtrix Co. Matrigel, a basement membrane matrix extract whose major components are laminin and type IV collagen, was from Collaborative Research. Chondroitin ABC lyase was from ICN Biochemicals.
Cell Culture
Baboon vascular SMCs were isolated by the explant method. Briefly, aortic explants were obtained from the thoracic aorta of baboons and cultured in DMEM supplemented with 10% FBS. After 2 weeks, the cells that had migrated out of the explant were removed by trypsinization and seeded in T-75 flasks. Confluent SMCs at the second passage were subcultured successively at a 1:2 split ratio.
SMCs were used up to the 15th passage. Serum-free medium used for the preparation of SMC suspensions consisted of DMEM supplemented with insulin (10 g/mL), transferrin (5 g/mL), and ovalbumin (1 mg/mL).
Migration and Adhesion Assays and Morphometric Analysis of Cultured SMCs
Migration of SMCs was assayed in a modification of the Boyden chamber method using 48-well microchemotaxis chambers (Neuro Probe Inc) and polycarbonate filters (Nucleopore Corp) with pores of 10.0-m diameter. The filters were precoated with 0.5 g/well of basement membrane proteins (Matrigel), type I collagen (Vitrogen), fibronectin, or fibronectin fragment peptides, as indicated below. Cultured SMCs were trypsinized and suspended in serum-free DMEM; 20 000 cells were placed in the upper chamber; and 25 L of serum-free medium containing PDGF-AA, PDGF-BB, or both was placed in the lower chamber. In experiments in which enzymatic digestion of HSPGs and CSPGs was required, the SMC suspensions were incubated with 20 U/mL of heparin lyase II and 0.2 U/mL of heparin lyase III or 2.0 U/mL of chondroitin ABC lyase for 1 hour before introduction into the upper chamber of the Boyden apparatus. To minimize deposition of intact PG during the experiment, the cell suspension also included these enzymes during the assay. Microchemotaxis chambers seeded with cells were incubated at 37°C under 5% CO 2 in air for 6 hours. At the end of the assay period, filters were removed from the chamber, and SMCs remaining on the upper side of the filter were removed. The SMCs that had migrated to the lower side of the filter were fixed in methanol, stained with Diff-Quick staining solution (Baxter) and counted under a microscope (ϫ100) to quantify SMC migration. Migration activity was expressed as the mean number of cells that had migrated per high-power field. For the adhesion assay, 2000 cells were seeded into the upper chamber, and after a 2-hour incubation period, the SMCs that attached to the upper-side of the ECM-coated filter were fixed and counted, as above. For morphometric measurements, cell perimeters were measured by using a digitizing pad to trace the edges of SMCs as projected from a microscope image (ϫ400). Fifty single cells were analyzed for each condition.
[
S]Sulfate Radiolabeling and Characterization of PG
Cultured SMCs were trypsinized, suspended in serum-free and sulfate-free DMEM supplemented with carrier-free [ 35 S]sulfate (ICN-Radiochemicals) at 100 Ci/mL, and seeded at 3ϫ10 5 cells/ well into 48-well plates (Corning Co) precoated with 100 g/mL of Matrigel. After incubation for the indicated times with PDGF-AA or PDGF-BB at 10 ng/mL, the cell layers were washed with PBS twice, and 35 S-labeled PG was harvested with 8 mol/L urea, 0.2% Triton X-100, and 0.25% SDS, containing proteinase inhibitors, including 100 mmol/L 6-aminohexanoic acid, 5 mmol/L benzamidine, 10 mmol/L N-ethylmaleimide, and 1 mmol/L phenylmethylsulfonyl fluoride. Determinations of total labeled PGs were obtained from duplicate determinations on 50 L aliquots of samples using a cetylpyridinium chloride precipitation assay. 23 Proportions of 35 S label that were incorporated into HSPG and CSPG subclasses were determined by digestion with chondroitin ABC lyase.
RNA Extraction and Northern Blot Analysis
Cultured SMCs were trypsinized, suspended in serum-free medium, and seeded. After a 6-hour incubation with PDGF-AA or PDGF-BB at 10 ng/mL, total RNA was isolated from cells by the single-step extraction method. 24 Total RNA (10 g) was loaded per lane and resolved by electrophoresis overnight on 1% (wt/vol) agaroseformaldehyde gels. After electrophoresis, RNA was transferred to Zetaprobe GT (Bio-Rad Laboratories) and UV-cross-linked (Stratagene Cloning Systems). Before hybridization, filters were prehybridized for at least 2 hours at 42°C in a solution containing 50% (vol/vol) formamide (Life Technologies, Inc), 6ϫ SSPE, 5ϫ Denhardt's solution, 0.5% SDS, 5% dextran sulfate, and 100 g/mL salmon sperm DNA (Sigma). For the preparation of hybridization
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CSPG ϭ chondroitin sulfate PG ECM ϭ extracellular matrix HSPG ϭ heparan sulfate PG PDGF-R ϭ PDGF receptor PDGF ϭ platelet-derived growth factor PG ϭ proteoglycan SMC ϭ smooth muscle cell probes, a partial human perlecan cDNA (HS-1) 25 was kindly supplied by Dr R.V. Iozzo, Thomas Jefferson University, Philadelphia, Pa, and a partial mouse syndecan-1 cDNA was provided by Dr M. Jalkanen, University of Turku, Turku, Finland. Probes were 32 Plabeled by random priming (Amersham) using 5Ј-[␣-
32 P]dCTP (Amersham). Hybridizations with 32 P-labeled cDNA probes were carried out at 42°C for at least 16 hours, after which the filters were washed 3 times with 2ϫ SSPE/0.1% SDS at 42°C and twice with 0.3ϫ SSPE/0.1% SDS at 65°C. Autoradiographs were prepared by exposure on Kodak XAR2 film at Ϫ70°C and then developed. Quantification of radiolabeled bands was by scanning densitometry of the fluorograph. 26 Northern blots were normalized for loading by comparison with ethidium bromide staining of the 28S rRNA band.
Results
ECM-Dependent Regulation of SMC Migration by PDGF-AA
We determined the inhibitory activity of PDGF-AA on SMC migration induced by 10 ng/mL PDGF-BB on a filter coated with ECM containing fibronectin, basement membrane proteins (Matrigel), type I collagen (Vitrogen), and collagen/ fibronectin (1:1) (Figure 1 ). PDGF-AA dose-dependently suppressed SMC migration on a filter coated with fibronectin, Matrigel, or collagen/fibronectin. At PDGF concentrations of Ն10 ng/mL, the inhibition of migration was maximal. In contrast, PDGF-AA at concentrations of up to 20 ng/mL failed to suppress migration on a filter coated only with type I collagen. PDGF-AA alone did not affect the basal migration, regardless of the ECM protein present on the filter (not shown), in agreement with earlier studies. 8, 9 These data suggest that the SMC migration-inhibitory signal generated by PDGF-AA depends on the nature of the ECM.
Boyden chamber filters were coated with collagen and fibronectin, mixed in different ratios, and the effect of these substrates on SMC migration was determined ( Figure 2 ). On ECM mixtures containing 25% and 50% fibronectin, basal and PDGF-BB-induced migrations were identical to migration on substrates without fibronectin, but PDGF-AA inhibition of PDGF-BB-stimulated migration increased as the proportion of fibronectin increased. PDGF-AA inhibited migration by 42% on ECM containing 25% fibronectin, and inhibition reached 80% at 50% fibronectin. At the highest proportions of fibronectin, migration in response to PDGF-BB was reduced, and inhibition by PDGF-AA was greater. Control experiments indicated that cell attachment was identical at 0% to 50% fibronectin and increased by Ϸ20% at 75% and 100% fibronectin (data not shown). These data indicate that PDGF-AA suppressed PDGF-BB-induced SMC migration on fibronectin but not on type I collagen.
Inhibition of SMC Migration by PDGF-AA Involves the Heparin-Binding Domain of Fibronectin
Fibronectin has both N-and C-terminus heparin-binding domains, 27 which may be involved in modifying or mediating cell-adhesive interactions, 28 as well as an internal domain that includes an integrin binding site. Therefore, chymotrypsingenerated peptides that include the heparin-binding domains of fibronectin were used to coat Boyden chamber filters to test whether these domains in fibronectin are involved in the inhibition of SMC migration by PDGF-AA (Figure 3 ). In these experiments, fibronectin peptides were combined with an equal proportion of type I collagen to prevent decreased cell adhesion to the filter. Intact fibronectin, as well as the 45-kDa and 40-kDa peptides containing, respectively, the Nand C-terminal fibronectin heparin-binding domains, promoted the inhibition of PDGF-BB-stimulated cell migration by PDGF-AA. PDGF-AA inhibited migration 59% on the 45-kDa N-terminal peptide, 66% on the 40-kDa C-terminal peptide, and 71% on a filter coated with intact fibronectin. In contrast, induced cell migration was not inhibited by PDGF-AA when cells were assayed on a filter coated with a 120-kDa fibronectin peptide, which includes an integrindependent cell-binding domain and lacks heparin-binding domains. Cell attachment was not affected by different fibronectin peptide:type I collagen substrata (data not shown), and basal migration was identical, suggesting that the heparin-binding domains of fibronectin were necessary for the inhibition of PDGF-BB-stimulated SMC migration by PDGF-AA, but not cell adhesion, in this assay.
HSPGs, but Not CSPGs, Are Involved in the Regulation of SMC Migration by PDGF-AA
PGs are known to affect the interaction of cells with their ECM and to influence cell migration. The observation that heparin-binding, but not integrin-binding, fibronectin domains mediate the inhibition of SMC migration by PDGF-AA suggests that PGs that interact with these domains may be present on SMCs. To differentiate between the involvement of HSPGs and CSPGs in the modulation of SMC migration, cells were treated with heparin lyases II and III or chondroitin ABC lyase and placed onto a Matrigel-coated filter, and migration in response to PDGF isoforms was assayed. The heparin lyase treatment completely blocked the inhibitory effect of PDGF-AA on cell migration stimulated by PDGF-BB ( Figure 4A ), whereas basal and PDGF-BB-induced migrations were not affected. In contrast, the digestion of CSPG by chondroitin ABC lyase did not affect SMC migration ( Figure 4B ). Cell adhesion to the filter was not affected by the treatment of cells with these enzymes (data not shown). These results indicate that HSPGs are required for the inhibition of PDGF-BB-induced cell migration by PDGF-AA.
Differential Regulation of PG Synthesis by PDGF Isoforms
To determine whether PDGF-AA and -BB have different effects on the PGs deposited around SMCs, we measured the incorporation of [ 35 S]SO 4 into cell layer-associated PG. Both PDGF-AA and -BB dose-dependently increased PG synthesis by SMCs ( Figure 5 ). PDGF-AA increased [ 35 S]SO 4 incorporation into PG 27% over control at 10 ng/mL. At 2 to 10 ng/mL, PDGF-AA was more potent than PDGF-BB, but at 20 ng/mL, the relative increase in (Figure 6 ). At 24 hours, PDGF-AA increased cell layer-associated PG by 2.4-fold over control; PDGF-BB enhanced cell layer PG accumulation by 1.5-fold. Since this baboon SMC line expresses more PDGF-R␤ than PDGF-R␣ and since PDGF-BB is more potent in inducing mitogenesis than is PDGF-AA, 9 the stimulation of PG synthesis in response to PDGF-AA cannot be explained by differences in receptor number or proliferative activity of this factor.
To examine whether the increase in cell layer PG after PDGF treatment was due to a decrease in PG turnover, 4 and determined using a cetylpyridinium chloride precipitation assay. [ 35 S]PG labeled in the absence of PDGF was 2.7ϫ10 counts/well. 5 Results were the average value of 2 independent wells and shown as the increase over control. Representative data for 4 experiments are shown.
pulse-chase experiments were performed in the absence or presence of PDGF-AA and PDGF-BB ( Figure 7 ). After PG was labeled with a 6-hour pulse of [ 35 
Regulation of HSPG mRNA Expression by PDGF Isoforms
In our previous work, syndecan-1 and perlecan mRNA expression was induced after balloon injury of rat carotid arteries. 20 Northern blot analysis of syndecan-1 and perlecan mRNA expression was used to determine whether the increase in PG synthesis by SMCs treated with PDGF was accompanied by the induction of HSPG mRNA expression (Figure 8 ). PDGF-AA and -BB had different effects on syndecan-1 and perlecan expression. Syndecan-1 mRNA was upregulated 41% by PDGF-AA, whereas PDGF-BB increased the level of this transcript only 15%. In contrast, perlecan mRNA was downregulated 31% by PDGF-AA, 42% by PDGF-BB, and 49% by their combination. Since the induction of syndecan-1 mRNA by PDGF-AA and -BB was consistent with the increase of 35 S-labeled HSPG, it is possible that the increase of HSPG by PDGF-AA was in part due to the upregulation of syndecan-1 mRNA.
Modulation of Cell Morphology by PDGF-AA and HSPG
Cell-ECM interaction affects cytoskeletal architecture and cell migration. We determined the effect of PDGF isoforms and heparin lyase treatment on SMC morphology on a Matrigel-coated filter to examine whether the PDGF-AAmodulated cell-ECM interaction involved HSPG (Figure 9 ). Attached unstimulated SMCs were spindle-shaped ( Figure  9A ). PDGF-AA induced dramatic cell spreading and elongation, whereas PDGF-BB had only a minor effect on cell shape ( Figure 9B and 9C) . Morphometric analysis was used to quantify SMC spreading (Figure 10 ). In the absence of PDGF, the distribution of SMC perimeters showed a sharp peak with the average value of 92 m. PDGF-AA dramatically increased the mean perimeter of SMCs (161 m), whereas PDGF-BB treatment did not significantly affect the SMC mean perimeter (115 m). Treatment of SMCs with heparin lyase II and III significantly suppressed SMC spreading by PDGF-AA ( Figure 9D , 9E, and 9F) and decreased the mean SMC perimeter by 55%, whereas no significant changes were observed in control and PDGF-BB-treated SMCs (Figure 10 ). In contrast, treatment of cells with chondroitin ABC lyase did not affect SMC spreading by PDGF-AA (data not shown). Similar effects on SMC spreading were induced by PDGF-AA or heparin lyase treatment when cells were seeded on a fibronectin-coated filter or seeded on an uncoated filter in the presence of 10% FBS (data not shown). These observations suggest that PDGF-AA induces SMC spreading by affecting SMC-ECM interactions that are mediated through HSPG.
Discussion
We previously reported that PDGF-AA, which alone does not affect rat and baboon SMC basal migration, inhibits PDGF-BB-induced chemotaxis in Boyden chamber assays. 8, 9 We now show that PDGF-AA suppresses PDGF-BB-stimulated SMC migration by a mechanism that involves endogenously synthesized HSPGs and requires heparin-binding ECM as a migration substratum. Moreover, the suppression of cell migration by PDGF-AA is accompanied by an HSPGdependent increase in cell spreading and an increased cell layer PG accumulation that are consistent with increased expression of syndecan.
The finding that selective induction of HSPG by PDGF-AA correlates with increased cell spreading and inhibition of induced chemotaxis agrees with other studies that suggest that decreased cell adhesion and induction of cell migration are accompanied by a relative decrease in the synthesis of HSPG. 29 -32 For example, the expression of the transmembrane HSPG, syndecan-1, is downregulated on circulating B lymphocytes and increased during their differentiation into immobilized cells. 30 A B-lymphoid cell line transfected with syndecan-1 gene shows reduced migration. 31 Conversely, downregulation of syndecan-1 with expressed anti-sense has been shown to result in a conversion of epithelial cells to a nonanchorage-dependent fibroblastoid morphology. 32 Proteolytic cleavage and release of syndecans from the cell surface may also be important for the regulation of cell function. Ectodomains of syndecan-1 and -4 are shed in response to signals from receptors for thrombin and heparin-binding epidermal growth factor. 33 Syndecans released from the cell membrane appear to enhance SMC migration in vitro 34, 35 and may diminish the antimigratory activity of membrane-associated syndecans. Cleavage of the glycosaminoglycan chains on HSPGs may also diminish this effect. For example, heparan sulfate-degrading enzymes induce neutrophil migration. 36 Other HSPGs are associated with decreased cell proliferation and migration. The large basement membrane HSPG, perlecan, is expressed at high levels by quiescent SMCs, whereas little is synthesized by growing cells, either in vitro or during embryonic development of the rat arterial wall. 37 Perlecan also inhibits the induction of the growth-related transcription factor Oct-1 and supports growth arrest by cultured SMCs. 38 Recent experiments that have used perlecan anti-sense constructs to limit endogenous perlecan expression by fibrosarcoma cells have demonstrated that perlecan may suppress cell proliferation and migration. 39 Thus, like syndecans, perlecan may inhibit cell migration and proliferation. However, in the present study, the inhibition of PDGF-BB-induced SMC migration by PDGF-AA correlated more closely with the selective upregulation of syndecan-1 expression, whereas perlecan is downregulated regardless of PDGF isoform (Figure 8 ), suggesting that syndecan-1 may be essential to this inhibitory signal.
Cell layer HSPGs, such as syndecans, may modulate cell migration and cell morphology by regulating the type of cell-ECM adhesion site that is formed. Syndecan-1 transfected into Schwann cells associates with actin and induces cell spreading. 40 Moreover, syndecan-4 has recently been specifically localized to focal adhesion sites, 41 and syndecan-1 is associated with fibronectin in focal contacts and with stress fibers in fibroblasts. 42 Fibronectin heparinbinding domains are required for the formation of focal adhesions in fibroblasts and endothelial cells, 43, 44 suggesting that cell surface HSPGs may regulate integrin-mediated attachment to the ECM. Taken together with our observation, these studies strongly support a role for HSPGs in the regulation of SMC migration by PDGF-AA. It is interesting to note that melanoma cell migration on type I collagen is dependent on a chondroitin sulfate-bearing variant of CD44 and can be abolished by chondroitin ABC lyase digestion. 45 Our observation that chondroitin ABC lyase had no effect on the migration of SMCs on fibronectin suggests that different cell surface PGs may regulate cell migration when cells are in contact with different ECM proteins.
The effect of HSPG in the suppression of SMC migration is substrate specific. In the present study, the inhibition of PDGF-BB-induced SMC migration by PDGF-AA depends on the presence of heparin-binding domains of fibronectin ( Figure 5 ) but not on the RGD-containing fibronectin domain that mediates integrin-dependent cell attachment. The ␤ 1 subunit-containing integrins of SMCs are the dominant receptors for the cell attachment domain of fibronectin, and integrin expression and conformation are important in SMC migration, both in vitro and in vivo. 46 However, it is unlikely that PDGF-AA and -BB exert their effects on SMC migration through these receptors, since neither PDGF isoform affects the expression or activation of ␤ 1 integrins, 47 although expression of ␣ v ␤ 3 integrin is stimulated by PDBF-BB 48 and is important for SMC migration on other matrices. 49 A role for fibronectin in the inhibition of cell migration has been documented in other systems. For example, an enrichment of fibronectin in the ECM suppressed the migration of NIH 3T3 cells, 50 and overexpression of fibronectin in fibrosarcoma cells blocked their invasion. 51 Our data that PDGF-AA failed to suppress SMC migration on a Vitrogen-coated filter are consistent with the report that HSPG binds to intact fibrillar type I collagen but not to pepsin-digested type I collagen, such as Vitrogen. 52 Clearly, other matrix macromolecules and matrix receptors also influence SMC migration. For example, SMC migration in vitro is enhanced by hyaluronan through a receptor for hyaluronan-mediated motility (RHAMM), 53 whereas hyaluronidase diminishes PDGF-BB-induced migration. 54 Hyaluronan production is stimulated by PDGF-BB and PDGF-R␤, but not by PDGF-AA, 55 consistent with the stimulatory effect of hyaluronan on cell migration. A combination of diverse stimulatory and inhibitory signals may ultimately serve to regulate the migratory response of SMCs.
The mechanisms by which PDGF isoforms induce different effects on cellular migration and phenotype is complex and not well understood. However, recent studies using endothelial cells transfected with wild and mutant PDGF-R␣ clearly indicate that PDGF-R␣ activates 2 signaling pathways that differentially affect cell migration. 10 Both PDGF-AA and -BB activate MAP kinase and induce SMC proliferation, with PDGF-BB more potent than PDGF-AA, consistent with the larger number of PDGF-R␤ present on these cells. 9 However, PDGF-BB stimulates the phosphorylation of p125 focal adhesion kinase and tensin in SMCs and induces migration, whereas PDGF-AA does not. 56 These observations suggest that differential signaling pathways activated by PDGF-R␣ and PDGF-R␤ may be responsible for the different effects of PDGF isoforms on SMC migration. We previously reported that PDGF-AA suppresses SMC migration induced by chemoattractants, including PDGF-BB, but does not inhibit unstimulated migration, 9 in agreement with reports by other laboratories (eg, see References 56 and 57). However, others have reported that PDGF-AA induces chemotaxis in several cell types, including vascular SMCs. [58] [59] [60] There are several observations that may ultimately reconcile these disparate results. One possibility is that ligand binding or receptor signaling by PDGF-R␣ may be modulated by interaction with other variably expressed matrix proteins or signaling through other receptors. For example, PDGF isoforms bind differentially to the extracellular glycoprotein SPARC, an interaction that affects the activity of the bound mitogen. 61 The report that antibodies against the cell surface receptor NG-2, which is involved in SMC mitogenesis and chemotaxis, decrease the cellular responsiveness to PDGF-AA and that PDGF-BB responsiveness is unaffected 62 suggests that subtle interactions of signaling pathways induced by other receptors may influence PDGF-R␣ signaling as well. Finally, Ferns et al 60 demonstrated that signaling through PDGF receptors in SMCs may vary with receptor number, as exemplified by the augmentation of migration by PDGF-R␣-overexpressing cells in response to PDGF-AA on Vitrogen-coated filters. This observation suggests that the low numbers of PDGF-R␣ present on some SMCs are insufficient to induce migration to the degree seen by the stimulation of the more abundant PDGF-R␤. However, in the present study, PDGF-AA promoted HSPG production and syndecan-1 mRNA expression by SMCs more potently than did PDGF-BB. Since HSPGmediated interactions with ECM are involved in the inhibition of SMC migration by PDGF-AA, the possibility remains that differential induction by different PDGF isoforms of either HSPG matrix receptors or heparin-binding ECM proteins gives rise to different effects of PDGF-AA and -BB on SMC migration. Interestingly, PDGF-AA induces cAMP and activates protein kinase A. 63 Since cAMP both potently suppresses SMC migration 8 and induces the expression of syndecan-1 in peritoneal macrophages and NIH 3T3 cells, 64, 65 induction of syndecan expression by cAMP may be a mechanism for the PDGF-AA-mediated inhibition of PDGF-BBinduced SMC migration.
Although PDGF-AA is mitogenic for SMCs, PDGF-AA is expressed in nonproliferating cells in human atherosclerotic tissues. 4 For example, a recent report by Murry et al 66 used quantitative PCR to demonstrate that PDGF-AA mRNA levels were 100 times higher in quiescent human aortic tissues than in advanced atherosclerotic plaques. HSPGs, which we and others 22 have shown are induced by PDGF, support maintenance of a differentiated cellular phenotype in SMCs and other cells. 67, 68 Analysis of promoter sequences of syndecan-1 and -4 genes reveals that expression is controlled in part by E-box nuclear factors, which are also involved in regulation of gene expression during muscle cell differentiation. 69, 70 HSPG genes, including syndecan-1 and perlecan, are activated in injured rat arteries and may play a role in intimal thickening. 20, 21 In addition, HSPG isolated from rat arterial wall suppressed the expansion of the neointima when introduced into injured arteries. 71 Taken together, PDGF-AA and HSPG may function to regulate SMC migration and maintain vascular structure rather than to induce proliferation. Conversely, decreased expression of PDGF-AA and HSPG may be crucial for the progression of atherosclerotic lesions.
